Carbon nanowires are fabricated by the Langmuir Blodgett (LB) method via the top down approach on amorphous carbon. Thick a-C films (500 nm to 1 m) have been successfully deposited after the treatment on silicon. The anisotropic etching of carbon using reactive ion etching (RIE) has been verified giving near vertical sidewalls. The LB method for depositing monolayer requires a hydrophilic surface. Plasma treatment is being performed on the silicon oxide hard mask to reduce the surface energy thereby making the surface from hydrophobic to hydrophilic. PS balls which are being deposited by LB method have one disadvantage which is the low adhesion of the PS ball to the silicon oxide surface. This adhesion is being improved by subjecting the PS ball to annealing which changes the shape and increase the contact area between the PS balls and the silicon oxide surface. As carbon and PS ball is vulnerable to oxygen plasma, a modified recipe of CF 4 :Ar was being used to etch the silicon oxide hard mask. There is almost little chemical reaction of the CF 4 on carbon and PS ball. Carbon nanowires were successfully fabricated using polystyrene (PS) balls of diameter 450 nm. Through a series of steps, carbon nanowire of 500 nm in length and diameter approximately 250 nm can be produced.
INTRODUCTION
Carbon technology is an emerging field that has not reached its maturity yet and the timing is perfect. Eventually, carbon will be developed to an industrially scalable technology that can be used in devices just like the semiconductor revolution. Furthermore, carbon is biocompatible hence the technology can be used for biosensing and monitoring chemical reactions on diamond and graphene surfaces via electronics means. Due to their chemical similarity, the carbon technology can also be incorporated and extend to the current semiconducting industry.
Due to the strength of its chemical bonds, carbon-based structures are the strongest in nature. They can retain its crystallinity down to the molecular scale of a benzene ring and hence address the problem of scalability in modern devices. Another fundamental challenge in the electronic industry is the problem of energy waste due to poor heat and electric conductivity in semiconductors. With the increase in the clock speed and power consumption in modern computers, the amount of heat produced by components has increased exponentially. Hence, there is a big * Author to whom correspondence should be addressed.
industrial demand for expensive cooling schemes that prevent computers from overheating and malfunctioning. The large number of components requires higher power consumption leading to more waste. The large heat and electric conduction in carbon materials 1 can help to solve this important problem. Carbon has lower oxygen affinity than silicon and hence it is characterized by low oxidation rates. Thus, although from the physical view point crystalline silicon can be considered as having better metallicity than carbon, silicon is more prone to disorder such as dissolved impurities and precipitated metals. In fact, the problem of disorder in silicon is a big industrial problem for the development of electronic components. This huge barrier for electronic applications does not exist in most carbon systems from the start. Hence, carbon based devices can have a dual impact in modern electronics and in the environment: high speed electronics with low heat generation and low energy consumption, with significant reduction of energy bills, alleviating the environmental impact of greenhouse gas emissions from power generation plants.
The extraordinary electrical, mechanical, and thermal properties of carbon nanotubes (CNTs) may provide shortterm solutions for problems in interconnect, chip cooling, etc. in silicon integrated circuit technology. [2] [3] [4] [5] [6] [7] [8] it is therefore a much more viable way of producing the film before the fabrication of the carbon nanowires. In this way, carbon nanowires electrical properties can be tuned [9] [10] prior to the fabrication of the carbon nanowires and large areas ordered arrays of identical carbon nanowires can be produced cheaply.
EXPERIMENTAL DETAILS
Carbon nanowires are fabricated by the Langmuir Blodgett method with the schematic shown in Figure 1 below. First, p-type silicon wafer is being plasma treated with CF 4 :O 2 (80:20) to remove all native oxide to promote adhesion between the deposited carbon and silicon. This enables a thick layer of carbon to be deposited without delamination. A thick layer of amorphous carbon (∼1 m) is being deposited on the prepared silicon wafer using double bend filtered cathodic vacuum arc (FCVA) with 300 V substrate bias, 60 A arc current and 50 V filter voltage to further enhance adhesion. Next, a thin layer (∼100 nm) of silicon oxide (SiO 2 which will be used as a hard mask is being deposited using Plasma Therm 790 plasma enhanced chemical vapor deposition (PECVD) in a low temperature (50 C) process to prevent any oxidation of the carbon film. Following that, the surface of the SiO 2 is being treated with oxygen plasma to convert the surface from hydrophobic to hydrophilic to ensure an even coating of monolayer polystyrene (PS) balls. Approximately 20-40 L of suspended (∼5%) PS ball in (95%) alcohol solution is being deposited onto the SiO 2 surface using a pipette with the purpose of being the initial masking for the preparation of the hard mask. The PS balls have an initial diameter of 450 nm and 600 seconds of 30 W argon (Ar) plasma using Descum Clen 100 reactive ion etcher (RIE) is being used to shrink the PS balls down to approximately 150 nm. A calibrated etching process consisting of CF 4 :Ar (80:5) is being introduced to etch the SiO 2 layer without affecting much on the size of the PS balls. Finally, 10-20 mins of 100 W 20 sccm O 2 plasma is being introduced to etch the carbon with the SiO 2 as the hard mask to produce carbon nanowires.
Deposition of Thick a-C Film
Initial deposition of thick amorphous carbon samples proves to be difficult due to the high stress involved and delamination is very common. A solution to this problem is to pre-treat the silicon wafer with CF 4 :O 2 in the ratio of 80:20 sccm to remove all native oxide. Another technique used is by the application of 300 V DC substrate bias to the wafer during deposition to increase the effectiveness and depth of the ion bombardment on the substrate thereby improving the adhesion. Deposition rate has been calibrated at approximately 50 nm/min at arc current of 60 A. A 30 minutes cooling break is being introduced between 5 minutes of deposition time to prevent heating of the substrate due to the heating effect from the high substrate bias and ions bombardment.
Verification of Anisotropic Etching of Carbon via RIE
One important factor during the fabrication of nanowire via the top down approach is the anisotropic nature of the material to the etching process. 
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Carbon Nanowires Fabrications via Top Down Approach concern, dry etching using RIE is being favored over conventional wet etching. A small piece of small silicon wafer acting like a hard mask is being placed over 1 m thick amorphous carbon and placed inside the RIE. Oxygen plasma is being chosen for its most likeable chemical reaction of C + 2O + → CO 2 and 100 W of plasma power is being applied for 30 minutes. Visual inspection shows signs of carbon being etched off hence the sample is being observed under the JEOL scanning electron microscope (SEM) with the resulting micrograph is being shown in Figure 2 below.
From the SEM micrograph, it can be clearly observed that the edge of the carbon is near vertical although there are signs of roughness on the sides. It may be possible to fine tune the etching parameters to obtain a smooth side wall. The etch rate is being calibrated by using a hard mask to selectively shield portion of the carbon samples as shown in Figure 3 below. Taking the average of the various etch rate, the etch rate obtained is approximately 55 nm/min with 20 sccm O 2 flow at 100 W plasma power at pressure 168 m Torr.
Treatment of SiO 2 Surface from Hydrophobic to Hydrophilic
One requirement of LB method by lift off is that the surface will need to be hydrophilic. A contact angle check was performed on the PECVD SiO 2 and results revealed that the surface is hydrophobic with contact angle of 83.15 as shown in Figure 4 (a) below which makes the surface rather unsuitable for the monolayer formation of PS balls using LB method. A short low power O 2 plasma treatment with power 60 W, 20 sccm O 2 was performed for 15 seconds and the contact angle is rechecked and the value has now lower to 25.3 as shown in Figure 4 (b) below which makes it more suitable for LB process.
Etch Selectivity Between PECVD Growth SiO 2 , C and PS Balls
One important factor in the whole fabrication process is the etch selectivity between the PS balls, SiO 2 and C. Time (Seconds) Etch Depth (nm) Fig. 3 . Etch rate of carbon using 100 W plasma power.
Carbon can be etched away by oxygen plasma whereas SiO 2 has relatively high resistance to oxygen plasma with etch selectivity ratio of 1:225. The etching recipe for standard SiO 2 at 100 W is CF 4 :O 2 in the ratio of 80:20 has been ditched due to the etching effect of O 2 plasma on PS balls because PS is a kind of polymer and it is highly susceptible to oxygen plasma. The etching recipe is being changed to CF 4 :Ar with the ratio 80:5, a small amount of Ar is required for the plasma formation of CF 4 . The etch rate of this new recipe is being tested on SiO 2 and an etch rate of approximately 25 nm/min is being achieved. This new recipe is then being tested on PS balls and the results is being shown by SEM micrographs in Figure 5 below.
With the etching for SiO 2 previously obtained, the total time required for etching of 100 nm thick SiO 2 of hard Polymers are known to be highly resistant to CF 4 etchant but Ar produce a mild physical etching effect on the PS balls. From the SEM micrographs, it can be observed that the gap between the PS balls has increase by approximately 20 nm. This mild size reduction will be taken note of and added to the size shrinking process of PS ball so that an accurate diameter of carbon nanowire can be obtained.
RESULTS AND DISCUSSION

Shrinking of PS Ball
PS ball can be easily shrunk by applying 30 W, 20 sccm Ar using RIE. Two different times are being trialed and the SEM micrographs are being shown below in Figure 6 below. Size of approximately 250 nm can be obtained from 300 seconds of Ar etching. Longer timing are not recommended due to the reduction in the height of the PS ball thereby reducing the resistance of the PS ball to CF 4 :Ar plasma. Another reason being that if the PS ball are being reduced for too long, the physical shape of the PS ball will alter too much creating a non-round feature. If size reduction is wanted, the method to do will be to start with a smaller sized PS ball. With this limitation, the spacing between the individual PS balls is determined by the maximum etching time allows and the initial size of PS balls being used.
Annealing of PS Ball
The PS balls are taken for annealing at 110 C for 11 minutes to change the structures of the polymer and to improve the adhesion of the PS ball to the surface. Prior experiments done without the annealing has shown that the PS balls are not very resistant to the CF 4 etchant after the Ar shrink treatment hence the PS balls does not successfully act as a mask for the SiO 2 etch. It may be possible that the PS ball after going through the Ar plasma has much lesser resistant than initially experimented. After annealing, there appears to be some change in the PS balls but not much information can be gather from the top view as shown in Figures 7(a and b) below. However, if the SEM micrograph are taken from the cross sectional view, it can be observed that the PS ball has a change in the shape as shown in Figures 7(c and d) below from initial circular shape to rectangular. The rectangular shaped PS ball has more surface area contacting the substrate thereby provide a better etch mask protection for the SiO 2 and adhesion level than the PS ball which has not undergoes annealing.
SiO 2 Hard Mask Etching
After successfully ensuring that the PS balls can safely withstand the CF 4 etchant after the annealing process and with the enhanced adhesion level, the samples are taken for CF 4 :Ar etching for four minutes to etch away the 100 nm SiO 2 layer. Those areas that are under the PS balls are protected due to the anisotropic etching nature of RIE. An experiment trial was also conducted using a total of six minutes of etching time and the results are not that ideal as there are signs of the PS balls being reduced and after exposing these samples to O 2 etching, there are no traces of carbon nanowires possibly due to the failed etching of the SiO 2 hard mask as the PS balls are significantly weaken by the long six minutes of etching. From the SEM micrographs in Figure 8 below, it can be observed that there is little change in the diameter of the PS balls after 4 minutes of SiO 2 etching process.
Oxygen Plasma Etching of Carbon Films
The samples are subjected to 100 W 20 sccm O 2 for 10 minutes. SEM micrograph are taken and shown in The top view micrographs show some differences from the previous images and it appears that there is some slight etching on the top of the carbon nanowire and the unshield areas are rather rough. As the top view does not yield much information and details, the SEM sample stage is tilted to an angle of 30 to reveal a slanted view of the samples. The SEM micrographs obtained are shown in Figure 10 below. From the SEM micrographs, it can be clearly observed that carbon nanowires have been successful obtained. The SiO 2 hard mask can also be clearly seen at the top of the carbon nanowire. The area where it is not being shield by SiO 2 appears to be very rough and contains very small rods.
The samples which had PS balls shrinked for 200 seconds were used again for fine tuning the etching parameters. Figure 11 below shows the results for the refined etching process for 10 minutes and 20 minutes of O 2 plasma etching and after which the SiO 2 hard mask was removed. It can be clearly observed that carbon nanowires with smooth sidewalls can be obtained by using the top down approach.
Future Work
Future works for the nanowires will be concentrated on expanding the inter-spacing between the nanowires. This can be done by using PS balls of larger diameters as shown in Figure 12 below. Inter spacing between each carbon nanowire can be changed by using different sizes of PS balls. The PS balls can be shrinked to the same 
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Carbon Nanowires Fabrications via Top Down Approach size by the usage of Ar plasma. Some possible concerns are the uniformity issue when bigger PS balls are being used where it is more difficult to obtain monolayer, surface of the sample will need to be treated properly to fully enhance the deposition of the monolayer PS balls. Another will lies in the prolong Ar plasma shrinking of PS balls, annealing will be introduced in between the shrinking cycle to ensure that the PS ball still adheres well to the substrate as shown conceptually in Figure 12 below.
CONCLUSION
Under the investigation of carbon nanowires for carbon film studies, carbon nanowires of length 500 nm to 1 m with diameter 250 nm have been successfully fabricated. The fabrication process involves understanding on the surface energy on the silicon oxide layer which was used as a hard mask and the adhesion strength of the polystyrene (PS) balls on the silicon oxide which was deposited by Langmuir Blodgett (LB) method. Heat treatment on the PS balls was found to improve the adhesion strength on the silicon oxide layer. A short oxygen plasma treatment on the hydrophobic silicon oxide has successfully changed its properties to hydrophilic which enable LB method to be applied. Carbon nanowires were successfully obtained after the oxygen plasma etching process and after the CF 4 gas etching, the residues of the silicon oxide hard mask and the micro particles at the bottom of the substrate were being removed producing ordered arrays of nanowires with exact height, diameter and composition.
